Abstract: This paper presents a short review of the development of and the motivation for short-wavelength free-electron lasers. The first observation of coherent X-ray production was reported from the Linac Coherent Light Source in April 2009.
recover the molecular structure. As they will not crystallize, this relatively routine process cannot be applied to many of the most interesting biomolecules. The capacity to determine the structure of biomolecules without the need for crystallization will have a huge impact in structural biology.
There are many challenges. Imaging of a single molecule requires that the diffraction process is complete before the absorbed X-ray can measurably disrupt the structure of the molecule. Modeling has indicated that the motion of the nuclei will be negligible for time scales of less than about 10 fs [14] and that it is possible that the effects of the electronic damage may be ameliorated by suitable postprocessing [15] . As the technical problems involved in obtaining diffraction from a single molecule may be too difficult, work is also proceeding on the application of X-FEL sources to structures such as thin 2-D crystals [16] . A second important motivation for hard X-ray FELs is the investigation of the properties of matter at high-energy densities such as those that can be found in the interiors of planets.
The FEL facilities that provide ultra-high brilliance radiation at EUV to soft X-ray wavelengths are also motivated by a broad range of scientific challenges in condensed matter physics, chemistry, and biophysics. There has been a great deal of work performed on the exploration of the interaction of intense X-ray beams with atoms [17] , molecules [18] , and clusters [19] , and the investigation of the dynamics of ultra-fast processes, such a phase transitions, is just beginning. One class of experiments at soft X-ray facilities relying on exploiting and expanding techniques of coherent imaging have the added benefit of accelerating progress toward the feasibility of imaging single biomolecules. Already, researchers have shown the possibility of recovering diffraction patterns from objects that are in the process of being destroyed by the beam [20] . Once a diffraction pattern has been obtained, then it needs to be analyzed to recover the diffracting structure. The development of high-resolution techniques of coherent diffraction imaging has received considerable recent attention [21] and has seen a number of applications in biology [22] and materials science [23] , [24] using soft X-ray FELs and synchrotron light sources.
Many experiments proposed for FEL facilities require that the X-ray pulse be spatially coherent. As a SASE FEL does not contain a resonant cavity, the spatial coherence of the output beam relies on the electrons in the beam radiating as a phased array. Moreover, the intensity of the radiation varies from shot-to-shot, leading to significant work to characterize every pulse of the beam [25] . The first measurement of FEL coherence at X-ray wavelengths, reported in 2009 [26] , found imperfect spatial coherence. However, methods are also emerging that allow for high-resolution coherent imaging in cases where the object is illuminated with imperfectly coherent X-ray beams [27] ; therefore, moderate deviations from perfect coherence will be able to be tolerated.
As the SASE pulses have a stochastic temporal profile, the pulses are temporally partially coherent. Full-phase coherence and much narrower bandwidth can be approached by one of two methods: 1) injecting the FEL with a narrow-band fully coherent laser signal to produce a seeded FEL or 2) placing the insertion device between the mirrors of an resonator cavity to form an FEL oscillator. Indeed, many of the FELs operating today at infrared to ultraviolet wavelengths are oscillators.
The international community has been working hard, then, on the preparation for the use of the light from X-ray FELs. Narrow-bandwidth, seeded, soft X-ray FELs using various schemes of harmonically upconverting [28] , [29] the laser seed are being built at Sincrotrone Trieste and at the FLASH facility at the Deutsches Elektronen-Synchrotron and are proposed for several other accelerator laboratories worldwide. Three hard X-ray projects are currently under varying stages of development: the Japanese SCSS (http:// www-xfel.spring8.or.jp/), the European XFEL project (http://www.xfel.eu/), and the Linac Coherent Light Source (LCLS) in the USA (http://lcls.slac.stanford.edu/). In April 2009, the LCLS project reported the first coherent hard X-ray beam, with a performance beyond its design specifications. This is an exciting milestone. We can expect much exciting science to flow from these developments over the coming years.
